Cells of brain tissue of rabbits, rats and mice were dissociated and glial cells, neuronal perikarya and synaptosomes were separated by centrifugation on discontinuous Ficoll gradients. HSV was shown to attach well to rat and rabbit glial cells and synaptosomes but not to neuronal perikarya. Of intracerebrally infected mice the fractions with glial cells contained the infective virus. The interactions between HSV and neuronal cells and the implication of the observations on the HSV infection of the nervous system are discussed.
INTRODUCTION
Observations on experimental and clinical, herpes simplex virus (HSV) infections emphasize the crucial pathogenetic role played by interactions between the virus and the cells of the nervous system. The neuronal theory for reactivable HSV infection states that after primary infection, the nerve cell bodies become reservoirs for latent HSV and that the axons are functioning as conduits transporting the virus to and from peripheral tissues. Morphological studies of HSV infected neural tissue have revealed that all the different cells of the nervous system can be infected and replicate HSV (Leestma et aL I969; Mannweiler & Palacios, I969) . In organ cultures of brain and peripheral nerve tissue, formations ofpolycaryocytes involving neuroglia, Schwann cells and cells of the meninges, have been characteristic observations (Feldman et al. 1968) . Neurons, however, failed to participate in polycaryocyte formation and demonstrated cytopathic changes significant for HSV infection later than other cell types. In organotypic cultures of mouse dorsal root ganglion the appearance of filamentous nuclear inclusions has been observed in neurons while large membranous inclusions predominantly occurred in non-neuronal cells (Whetsell et al. I977) . This difference has been considered to indicate selective neuron-virus interactions not displayed in non-neuronal cells. Similarly, cultures of dissociated cells from e.g. dorsal root ganglia demonstrated a more rapid progress of the infection in non-neuronal cells than in neurons as detected by appearance of cytopathic effect and specific HSV antigens (Raj~ni & Scott, I972) .
Previously (Vahlne & Lycke, I977) , HSV was shown to replicate restrictively in C I3oo mouse neuroblastoma cells (clone 4I Aa), which maintain many characteristics of differentiated neurons. At low multiplicities of infection neuroblastoma cultures were obtained, which persistently or occasionally released virus into the culture fluid. The restrictiveness of the mouse neuroblastoma cells to HSV seemed dependent upon several cellular properties (Vahlne & Lycke, 1978) one of which being that apparently few receptors for HSV were available on the plasma membranes of the neuroblastoma cells.
In the present report fractions enriched in neuronal perikarya and astrocytic glia freshly isolated from brains of experimental animals were used for the study of HSV attachment.
METHODS
Viruses. HSV type I (strain F) and vaccinia virus (SBL, Stockholm) were used. Plaquing of virus was carried out in green monkey kidney (GMK) cells grown in 5 cm plastic dishes as described previously (Lycke & Roos, 1972) . HSV was labelled with 3H-thymidine and purified according to techniques reported earlier (Vahlne & Blomberg, I974) . Radioactivity was assayed in a scintillation counter using Insta-gel (Packard) as the liquid scintillator.
Tissue preparations. Brains of albino rats, weighing 200 to 3oo g, albino rabbits (2 to 3 ks) and 3-week-old Swiss albino mice, were used for the preparations of cell fractions. The animals were anaesthetized with ether and perfused with Ringer's solution through the left heart ventricle. Neuronal perikarya and astrocytic glia enriched fractions were prepared as described previously (Blomstrand & Hamberger, I969, 197o) . The pooled brains, excluding the cerebellum, from 22 rats or 8 rabbits were sliced with a McIlwain tissue chopper, set at 0"4 ram, and incubated in a balanced salt medium for 30 rain at 37 °C. After incubation the slices were disrupted by passage through nylon mesh (5oo/~m). Tissue fragments were suspended in a solution containing 0.32 M-sucrose, 50 mM-NaCI, 0"5 mM-EDTA and lO mM-tris-HC1, at pH 7"4 and filtered through nylon meshes down to 50 #m. A final filtration was done through a double layer of nylon meshes (50 #m). The filtrate was centrifuged for 5 rain at 15o g and the resulting pellet was suspended in 26 ~o Ficoll (final concentration). The separation of cells was carried out on a discontinuous gradient with steps of 42, 35, 19. 5 and I6% Ficoll. The cell suspension was layered between 35 and 19"5% Ficoll, and the gradient was run at 83ooog for 110 min. The glial fraction was collected between I9"5 and 16 % Ficoll and the neuronal fraction between 42 and 35 % Ficoll. The fractions were diluted with 0.32 M-sucrose, pelleted at 2ooog for 20 rain and resuspended in Eagle's medium.
Synaptosomal fractions were prepared from rat or rabbit brains by a modification of the method of Cotman & Matthews (1971) . A IO~o brain homogenate was made in 0.32 Msucrose, containing Io mM-tris-HC1 (pH 7"4) and 0"5 mM-EDTA. Five strokes at 500 to 800 rev/min in a glass-Teflon homogenizer were used. The homogenate was centrifuged at 900 g for Io rain. The pelleted cells were re-homogenized and centrifuged once more. The supernatants were pooled and centrifuged at 900 g. The resulting supernatant was centrifuged at lOOOOg for 20 rain and the pellet was resuspended in sucrose and centrifuged at 100o0 g. The washed crude mitochondrial pellet was resuspended in sucrose and layered on a gradient of 7"5 and 13 % Ficoll in o'32 M-sucrose. The gradient was centrifuged at 83 500 g for 45 rain. The synaptosomal fraction, layering between 7"5 and 13 % Ficoll, was collected and diluted with 4 vol. of sucrose and pelleted by centrifugation at lOOOOg for 30 rain. The synaptosomes were resuspended in Eagle's medium before use in HSV adsorption studies.
Protein was determined according to Lowry et al. (I95I) . The cell suspensions were adjusted to contain approximately the same amount of protein per ml. The protein content of the preparations used was in the order of 2"5 to 5"0 mg/ml, corresponding to 5ooo0 to 100000 glial cells and 125000 to 25oooo neuronal perikarya. Anti-rat brain globulin. Anti-rat brain globulin (Dakopat, Denmark) was labelled with lzsI using the Balton-Hunter reagent (New England Nuclear, NEN) and was used in control adsorption experiments. 
RESULTS

Morphology of fractionated cells and synaptosomes
Adsorption of HSV to nerve and glial cells
Nerve and glial cell fractions from rabbit or rat brain were suspended in o'9 ml Eagle's MEM in sterile plastic tubes, agitated in a waterbath at 37 °C. The cells were infected by adding o-I ml of I o ~ p.f.u, of HSV. Samples (ioo #1) were drawn immediately after addition of the virus and after ~5, 3o and 60 min. Each sample was added to 9"9 ml cold medium and centrifuged for ~o min at Iooog. The amount of infective virus in the supernatants was titrated. The residual infectivity of virus added to tubes with culture medium alone was used as controls. The results are shown in Fig. 3 and 4 .
Little HSV was adsorbed to neuronal perikarya. The disappearance of infectivity in the Homogenates of nerve and glial cell suspensions, from which the plasma membranes were removed by centrifugation, were incubated with HSV for I h at 37 °C. No inactivation of virus infectivity additional to that of cell-free controls was observed. Thus, no virus degrading effect by, e.g., proteolytic enzymes released from the cells was encountered.
As a control the attachment rate of vaccinia virus to rabbit cells was studied. Vaccinia virus (o-] ml with io ~ p.f.u.) was added to 0"9 ml samples of the same glial and nerve cell preparations used for HSV. The amounts of residual infectivity in the medium after various periods of time was assayed and the results are shown in Fig. 5 . With vaccinia virus, neuronal perikarya and glial cells adsorbed the virus equally well. After 6o rain of incubation only 25 % of the infective virus was recovered in the medium of the cell suspensions. More than 90 % of infective vaccinia virus was demonstrated in the medium of controls consisting of culture medium alone. Thus, in contrast to HSV, vaccinia virus adsorbed effectively to neuronal perikarya as well as to glial cells.
Adsorption of HSV to synaptosomes
HSV is considered to enter the neurons via the nerve-endings and to be accumulated in the nerve cell bodies via retrograde axonal transport (Kristensson et al I97I; Cook & Stevens, ] . Adsorption of HSV to suspended neuronal perikarya (triangles); astrocytic glia (circles) and synaptosomes (squares) from rabbit brain (filled symbols) and rat brain (open symbols). Protein contents of the neuronal perikarya suspensions were 4"6 mg/ml (rabbit) and 4'I mg/ml (rat); of astrocytic glial suspensions 3-8 mg/ml (rabbit) and z'7 mg/ml (rat), and of synaptosomal suspensions 7"z mg/ml (rabbit) and 4"o mg/ml (rat).
Rabbit or rat synaptosomal fractions, suspended in cell culture medium were mixed with HSV, as described for the cell suspensions. The amounts of infective virus remaining in the suspending fluid immediately after admixture of virus and at ~ 5, 3o and 6o min post infection were assayed. In addition to the synaptosomes, preparations of nerve and glial cells were studied in parallel. The cells and synaptosomes were pelleted by centrifuging at mooo g for 5 rain prior to titration of infectivity. It can be seen (Fig. 6 ) that HSV attached well to the synaptosomal fractions of both species tested. Residual infectivity of nonadsorbed virus was even lower than that found with the glial cell suspensions. Again, no virus adsorption to the nerve cell perikarya could be detected.
Adsorption of radioactively labelled HS V
To exclude the possibility that the disappearance of infectivity from the suspending medium was due to inactivation of virus instead of attachment of virus to cellular membranes, experiments were performed with purified 3H-labelled HSV. Virus, I.o ml with lo G ct/min corresponding to 2/IO 5 p.f.u., was added to o.6 ml samples of suspended rat The protein content of the neuronal perikarya suspensions was 3"6 mg/ml and those of the astrocytic glial suspension and the synaptosomal suspension z'9 and 3"9 mg/ml, respectively. cells and synaptosomes, respectively. The suspensions were agitated in a waterbath at 37 °C. At the appropriate time, zoo t~l samples were drawn and immediately diluted in 9"8 ml cold Eagle's MEM. The cells or synaptosomes were then washed four times in Eagle's MEM. Finally, the cells and synaptosomes were suspended in 0"5 ml of a Io % Triton X-~oo solution and the radioactivity was assayed.
Radioactivity was accumulated only by glial cells and synaptosomes (Fig. 7) . With neuronal perikarya, on the other hand, the radioactivity associated with the cell-phase did not increase significantly during the incubation period. Similar results were obtained with rabbit brain cells and synaptosomes. Thus, the clear-cut differences between the attachment rates of infective HSV to neuronal perikarya, glial cells and synaptosomes were confirmed.
In another experiment, the crude cell suspension was inoculated with ~ 05 ct/min of purified aH-thymidine labelled HSV and agitated in a water bath at 37 °C for 3o min. The suspension was then pelleted at 15o g for 5 min and neuronal and glial cells were isolated as described previously. Non-attached virus remained in the middle of the gradient at the 26 % Ficoll concentration. Four times more radioactivity was found in the glial fraction than in the neuronal fraction (7908 versus 2028 ct ]min/nag protein). Some of the radioactivity found Fig. 8 . Adsorption of l~SI-labelled anti-rat brain glcbulin to suspended neuronal perikarya (A---A), astrocytic gila (0--0) and synaptosomes (11-.-II) from rat brain. Radioactivity associated with the cells and synaptosomes was assayed. The protein content of the neuronal perikarya suspension was 3"6 mg/ml, and those of the astrocytic glial suspension and synaptosomal suspension 4"4 and 4"9 mg/ml, respectively. in the neuronal band could probably be due to contamination with free labelled virus, as the fractions were collected from the top of the gradient.
Adsorption of 125I-labelled anti-rat brain globulin
It is conceivable that the three types of preparation studied differed in the amount of plasma membrane available for the adsorption of HSV. In an attempt to study this possibility 125I-labelled anti-rat brain globulin (o.I ml samples containing 2 × Io 6 ct[min) was added to each of two sets of o'9 ml suspensions of fractionated rat brain cells or synaptosomes. The suspensions were agitated at 37 °C. At various times, Ioo/zl samples were drawn, cells and synaptosomes washed four times and radioactivity assayed in a gamma counter. The results are presented in Fig. 8 . No difference in the rate of adsorption of labelled antibody could be detected between the neuronal perikarya and the glial cells. A somewhat higher amount of radioactivity was found with the synaptosomes at the early time points, but not after 6o min of incubation. It should be noted that the experiment was performed with labelled antibody in excess. Thus, approximately three times more radioactivity could be bound if the same amount of antibody was added to more concentrated cell suspensions. 
HSV infection of neurons and glial cells of intracerebrally infected mice
A group of 5o Swiss albino mice were infected intracerebrally with HSV (zooo p.f.u. per mouse). At I6 h and 72 h post infection, respectively, zo mice were sacrificed and the perfused brains were collected. The remaining ~o mice all died within 6 days of herpetic encephalitis. Neuronal and glial cells were separated on Ficoll gradients. The gradients were harvested from the top by pumping a dense sucrose solution into the bottom of the tubes. Fractions were examined in a light microscope to ascertain the location of the cell fractions. Protein content and infectivity were assayed after homogenization of the cells by ~o strokes in a Dounce homogenizer. As a control, virus was suspended in 26 ~o Ficoll and centrifuged in a Ficoll gradient. Fractions compatible with those collected from the cell containing gradients were analysed for infectivity. The results are shown in Fig. 9 .
Little infective virus was found in the fractions containing neuronal perikarya. In fractions containing glial ceils, on the other hand, most of the infective HSV was recovered and an increase of infective virus from I6 h to 72 h post infection was discernible. After centrifugation the virus in the cell-free control remained in the middle portion of the gradient containing the 26 ~o Ficoll solution. Thus, glial cells, mainly, were carrying the productive HSV infection of the in vivo infected mouse brain tissue.
DISCUSSION
The methods for dissociating cells of brain tissue and separating neuronal perikarya, glial cells and synaptosomes by means of isopycnic centrifugation in Ficoll gradient (Blomstrand & Hamberger, I969, I97O; Cotman & Matthews, I97I) provide good opportunities for studies of interactions between HSV and cells of the nervous system. The appearance of such fractionated cells in the electron microscope, as well as estimations of their purity by means of morphological studies and assays of marker enzymes have been discussed in detail elsewhere (Hamberger et al. I975; Hamberger & Sellstr6m, I975) . In support of relatively intact plasma membrane functions of the fractionated cells are the findings that they accumulate amino acids against a concentration gradient and potassium in a ouabain sensitive fashion (Haljam/ie & Hamberger, I97I ; Henn & Hamberger, I970. In experimentally infected animals, latent HSV infection has been established in sensory ganglia (Stevens & Cook, I970 , the central nervous system, CNS, (Cook & Stevens, ~976) and sympathetic ganglia of the autonomic system (Price et al. ~975) . In addition, adrenal medulla (Cook & Stevens, I976) and uterine tissues (Walz et al. I977) have been shown by co-cultivation to contain latent HSV infections. Also in the latter types of tissue neurons are considered as those cells which most likely harbour the latent infection.
The nature of the restriction of the latent HSV infection is unknown. The infection of HSV in different cells of the nervous system has mainly been studied morphologically by means of various organotypic cultures of nervous tissues (Leestma et aL r 969; Mannweiler & Palacios, 1969) . However, transformed cells of neural origin offer a possibility for studies on a homogeneous cell population maintaining characteristics of differentiated neurons. Schwartz & Elizan (I973) have described permissiveness of a human neuroblastoma cell line (IMR-32) to HSV. We have found that mouse C I3oo neuroblastoma cells (clone 4I A3), reacted restrictively to HSV infection (Vahlne & Lycke, I977; Vahlne & Lycke, I978 ) . The restriction of HSV infection in the mouse neuroblastoma cells seemed i.a. due to the relatively few HSV receptors on the plasma membrane of the cells. The results reported in the present study suggest that scarcity of HSV receptors is a characteristic also for freshly isolated, differentiated neuronal perikarya of brains from HSV susceptible experimental animals.
We found that the rate of attachment of HSV to neurons and glial cells differed markedly. HSV adsorbed to rabbit and rat astrocytic glial cells but not to neuronal perikarya. This discrepancy was not caused by fewer cells in the fractions of neuronal perikarya since they contained at least twice as many cells as the glial cell fractions. The differences in HSV adsorption observed for glial cell and perikaryal fractions could also be obtained if the amount of available plasma membrane differed significantly. Per mg protein the activity of Na+K+ATPase in astrocytic glial fractions is 2 to 3 times higher than that of neuronal perikaryal fractions (Henn et al. 1972; Medzihradsky et al. 1972) . The specific enzyme activity of a glial plasma membrane fraction is, however, 2 to 3 times higher than that of a neuronal membrane fraction (Henn et al. I97z) . Thus, it is not likely that the differences in HSV attachment between neuronal perikarya and glial cells were due to different amounts of plasma membrane. It should be emphasized that, in addition, we observed that vaccinia virus attached equally well to both neurons and glial cells and that there were no differences in the binding rates of an antiserum against rat brain tissue to the two types of cell fractions studied.
The present observations are in good agreement with our results obtained with cultured C ~3oo mouse neuroblastoma cells (Vahlne & Lycke, I978) . However, the restriction of HSV infection in C 13oo cells is probably more complex than is displayed by virus attachment studies. A slow attachment rate of HSV, an impaired processing of attached virus from the plasma membrane to the cell nucleus and the presence of an inhibitor not compatible with classical interferon have been observed (Vahlne & Lycke, I978) .
Nerve terminals are for several reasons the most probable site of entry for the neuronal HSV infection. In accordance we found that HSV attached readily to the synaptosomes. Whether the differences in virus attachment were due to the presence of specific HSV receptors on the synaptosomes or merely reflected a high endocytic activity of the synaptosomes cannot be concluded. 
